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EXPERIMENTAL PERFORMANCE OF CASCADE THRUST
REVERSERS AT FORWARD VELOCITY
by Donald A. Dietrich and Roger W. Luidens

Lewis Research Center

SUMMARY

A series of static and wind tunnel tests were performed on four cowl cascade thrust
reverser configurations which had various reversed jet emission patterns applicable to
an externally blown flap STOL aircraft. The work was performed using a model fan
which was 14. 0 centimeters in diameter and passed a fan mass flow of 2. 49 kilograms
per second at an approximate fan pressure ratio of 1.22 and fan corrected rotational
speed of 35 800 rpm. The tests demonstrated that the reingestion of fan flow signifi-
cantly reduced the reverser efficiency and that the thrust reverser efficiency was im-
proved by reducing the reversed jet azimuthal emission angle. The reverser efficiency
at STOL landing speeds was as high as 0.95; however, configurations with lateral emis-
sion were adversely affected by yawing the nacelle at forward velocity. Measurements
of the internal static pressure at the stator exit showed significant increases in the local
static pressure for configurations with reduced jet emission angles.

INTRODUCTION

A basic requirement of all aircraft is the ability to stop during the landing and
aborted takeoff procedures. A variety of jet thrust reversers are regularly used during
normal CTOL aircraft operation to augment the braking system because they can sub-
stantially retard tire and brake wear; furthermore, under adverse conditions such as
wet or icy runways, thrust reversers greatly reduce the ground roll distance.

The application of thrust reversing to STOL operation differs from the case of CTOL
primarily because of the shorter field length and higher thrust-to-weight ratio of STOL
aircraft. High reverse thrust may well be necessary in emergency operations, such as
a misjudged landing or aborted takeoff. If the reverser performance were sufficiently
high, it may be possible to use reversers on only two engines of a four-engine airplane




and be able to provide sufficient stopping forces. The possibility also exists that re-
verser noise may be reduced by the application of a highly efficient reverser system.

If the requirement on the system is to provide a specified stopping force, then a highly
efficient system may be operated at a reduced throttle setting which implies a lower ex-
haust jet velocity and thus lower noise.

The thrust reverser configurations considered in this report are cowl-mounted cas-
cade thrust reversers and are applied to a low-pressure-ratio model fan. The partic-
ular configurations of interest produce reversed jet patterns with significantly reduced
total azimuthal emission angles which imply relatively large areas of circumferential
blockage of the exhaust jet. These reverser configurations are particularly applicable
to an externally blown flap STOL aircraft because a highly tailored reversed jet flow is
required to prevent impingement on an adjacent engine, the fuselage, or the ground. A
discussion of STOL aircraft configurations is presented in references 1 and 2, and ref-
erences 3 to 7 consider the design and testing of various thrust reverser systems.

Very little information is available on the performance of a combined low-pressure-
ratio fan and a highly tailored reverser system. The present work was initiated to in-
vestigate the performance of a model fan-reverser system. The objective of this study
was to determine both the thrust reverser efficiency and the variation of the fan duct
static pressure. The study was made for a range of azimuthal emission angles of ap-
proximately 160° to 320° and fan speeds of 90 and 100 percent of design speed. Wind
tunnel tests were conducted for a range of yaw angles from 0° to 90° and forward veloc-
ities from static to 35 meters per second

SYMBOLS

b blocker door position
CD discharge coefficient, flow area (forward)/total reverser area
d passage diameter in reverser section
N corrected fan rotational speed
static pressure at stator exit
Py free-stream static pressure
free-stream velocity
corrected fan weight flow

thrust reverser efficiency




17 yaw angle

] azimuthal angle

APPARATUS
Thrust Reverser Model

Figure 1(a) is a sketch of the model fan and nacelle with the cascade thrust revers-
er used in the test series.

Fan and inlet. - The fan had a fan tip diameter of 14. 0 centimeters, and at the de-
sign rotational speed of 35 800 rpm passed a mass flow of 2. 49 kilograms per second
at a pressure ratio of 1.22. 1 The fan was driven by a tip turbine which at the fan design
speed required a mass flow of 0. 47 kilogram per second of unheated air at a pressure
of 2590 kilonewtons per square meter in the turbine plenum. Downstream from the tip
turbine and rotor, the drive and fan flows mix. Here the passage outer diameter is
15.2 centimeters and the centerbody diameter is 7. 46 centimeters. Detailed informa-
tion on the basic fan performance with various inlets and exits is given in references 8
and 9.

The total length of the inlet and fan combination from inlet highlight to stator exit
was 11.7 centimeters. The contour of the fan inlet lip was made up of quadrants of two
2:1 ellipses as illustrated in figure 1(b). The inlet contraction ratio, which is the
highlight-to-throat area ratio, was 1.29.

Thrust reverser section. - The thrust reverser section, figure 1(a), consisted of
eight replaceable cascade sectors, the forward and aft housing rings, and two axial sup-
port rails located 180° apart. Each cascade sector subtended an azimuthal angle of
42.5% and was replaceable by a solid sector which provided azimuthal blockage of the
flow for some configurations. Since each sector contained end rails, the azimuthal flow
angle of each sector was 40.2°. The combined fan and drive flow was turned through
the cascade reversers by a blocker door which had a forward sloping surface of 45° and
seals to prevent flow leakage axially. The blocker door was axially translatable, thus
making the effective fan exit area and mass flow adjustable.

The cascade reverser blades were designed according to the following procedure.
To reduce losses through the cascade blades, it was estimated that a minimum Reynolds
number of 105 based on the blade chord and the fan duct velocity was required. Specify-
ing this value for the case of the fan operating at 60 percent of the design thrust gave a
blade chord length of 1.27 centimeters. A solidity of 1.3, an approximate turning angle

1When the fan was operated at a rotational speed of 32 000 rpm, the fan pressure

ratio was 1.18.




of 135°, and a 15 percent thick blade contour having a camber of 110° (based on data

in ref. 10) were selected. The blade section is illustrated in figure 1(c). The angle
between the chord line of the reverser blade and the fan centerline was 75°. Accounting
for the radial divergence in flow area through the blades, this design incorporates a
cross-sectional flow passage that converges. This feature helps avoid flow separation.
From the blade design and the information in reference 11, the cascade discharge coef-
ficient was estimated to be 0.55. Allowing for a 15 percent variation in the discharge
coefficient, the number of blades and length of the cascade section were then determined
such that the combined fan and turbine flow would pass through the reverser configura-~
tion with the lowest total emission angle.

Instrumentation. - The instrumentation is also illustrated in figure 1(a). A single
component load cell was located in the model centerbody and used to measure the total
axial force during wind tunnel tests. The model centerbody also contained a light sen-
sitive cell to measure fan rotational speed.

Seven static pressure taps were located in the outer passage wall between the stator
exit plane and the thrust reverser section. These were located azimuthally midway
between stator trailing edges.

Test Facilities

Two test facilities were used during the test series: the static test stand (ref. 8)
and the Lewis 2.74- by 4.57-meter low speed wind tunnel (ref. 12).

Static test stand. - The static stand, shown in figure 2, was constructed to support
the fan with its thrust reverser, a bellmouth inlet, and a barrier between the reverser
section and inlet. The bellmouth was located 7.5 fan diameters forward of the fan stator
exit plane and connected to the fan by a cylindrical passage. Measurements of the static
pressure on the surface of the cylindrical passage were used to determine the fan mass
flow assuming a total pressure recovery of one. A 0.6- by 1.2-meter barrier was used
to prevent reingestion of the reversed flow and was located 4.3 fan diameters forward
of the stator exit plane.

Low speed wind tunnel. - The features of the Lewis 2.74- by 4.57-meter low speed
wind tunnel are detailed in reference 12. The installation of the model fan and thrust
reverser in the wind tunnel is shown in figure 3. The high pressure air supply line

utilized two large radius turns to minimize the extraneous force it could apply to the
model.




PROCEDURE
Thrust Reverser Efficiency

The thrust reverser efficiency was calculated according to the following procedure.
Static tests were performed to adjust the blocker door position to match the fan weight
flows of a standard forward thrust exit and the reverser configurations. This blocker
door position was used to perform static and wind tunnel tests to determine the thrust
reverser efficiency which was the ratio of the reversed thrust measured along the fan
axis at any forward velocity and yaw angle to the forward thrust at static conditions for
the same fan corrected rotational speed. Measurement of the fan weight flow was not
made during the wind tunnel tests.

Test Configurations

Table I contains a schematic representation of the five configurations tested: one
configuration using a standard exit and four reverser configurations. The standard exit
consisted of a constant area annular flow passage followed by an aerodynamically
tapered centerbody. This exit produced the forward thrust that was the basis for cal-
culating the thrust reverser efficiency.

For the thrust reverser configurations, the model allowed both the number of cas-
cade sectors and the blocker door position to be varied. Thus, the model could be ar-
ranged to produce reversed jet flows of varying emission patterns and aspect ratios
while maintaining the same fan weight flow and turning angle with respect to the fan axis.
The first reverser configuration used all eight cascade sections and had a total azi-
muthal emission angle of 321. 6° as noted in the fourth column of table I. The second
thrust reverser had approximately 33 percent of the circumference blocked giving a
total emission angle of 241. 2°. The remaining two configurations had more than half
the circumference blocked giving a total emission angle of 160. 8°. The difference be-

tween the last two was the geometrical arrangement of the emission pattern, as shown
in table I.

Blocker Door Position
The static test stand was used to measure the fan rotational speed and fan weight

flow for various blocker door positions on each configuration. These tests were per-
formed so that the blocker door position which reasonably matched the weight flow of



the standard exit could be determined. Figure 4 presents the variation of corrected fan
weight flow with blocker door position for all the thrust reverser configurations and at
two fan rotational speeds. The weight flow was normalized by the corrected fan weight
flow using the standard exit. The blocker door position b was measured as shown in
figure 1(a) and normalized by the thrust reverser internal diameter d. A second ab-
scissa shows the ratio of the circumierential emission area to the standard exit annular
flow area. For three thrust reverser configurations, it was possible to match the
standard exit weight flow (ordinate equal to unity) within 2 percent. However, for the
configuration with the unsymmetrical and highly reduced angle of emission, the maxi-
mum weight flow that could be achieved with the present model was 85 percent of the
standard exit weight flow. 2 Based on these measurements, the blocker door positions
which were selected for the subsequent thrust reverser tests are indicated by tick marks
on figure 4 and listed in the fifth column of table I.

As noted previously, the high pressure turbine drive air was unheated and, there-
fore, exhausted from the turbine at well below 200 K. As a result, ice collected in the
exit region of the fan. Because of the ice formation and the possibility that the blocker
door may not be located at the leading edge of a cascade blade, it was estimated that the
weight flow could not be set and maintained closer than 2 percent.

Wind Tunnel Tests

The tests which were performed in the low speed wind tunnel used the configuration
shown in figure 3. The ground side of the load cell in the fan nacelle model was mounted
to a vertical post which could be remotely rotated to achieve a yaw angle. A single
blocker door position for each configuration was used based on the static test stand re-
sults. The tests were conducted by setting the wind tunnel speed, setting the fan rota-
tional speed, and then varying the model yaw angle in increments from 0° to 90°.

RESULTS AND DISCUSSION
Static Reverser Efficiency

The last two columns of table I present the static thrust reverser efficiency with
and without the barrier installed. The data taken with the barrier installed using the

2Furthermore, in comparing reverser efficiencies in subsequent sections, it should
be remembered that the 15 percent lower mass flow of this configuration represented
approximately the same percentage reduction of reverse thrust.
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same model fan, static test stand, and bellmouth inlet as this report were reported in
reference 8. The data without the barrier were taken using the wind tunnel configuration
shown in figure 3. The two sets of data show a significant reduction of the thrust re-
verser efficiency in every case when the barrier was not installed. In spite of differ-
ences in inlet geometry, the reduction of reverser efficiency was caused primarily by
the reingestion of the reversed exhaust flow. There are a number of reports that con-
sider the effect of hot gas reingestion which reduces engine thrust and may cause engine
surge (e.g., ref. 4). Since there was no temperature rise in the exhaust flow for the
present tests, the effect observed is purely one of airflow recirculation. While there
was a small temperature rise of compression associated with the model fan pressure
ratio, this was neutralized by the cold turbine exhaust air. The data of table I also in-
dicate that the effect due to reingestion was reduced as the total thrust reverser azi-
muthal emission angle was reduced.

Effect of Forward Velocity on Efficiency

Figure 5 presents the variation of thrust reverser efficiency as a function of free-
stream velocity for two yaw angles and two fan rotational speeds. There is a general
trend for efficiency to increase with a decrease in the azimuthal emission angle; and,
as was the case at static conditions, the relative values of the efficiencies of the four
configurations are determined primarily by the degree to which recirculation occurred,
where the degree of recirculation was affected by the total emission angle, forward
velocity, and yaw angle. The increase in thrust reverser efficiency with forward veloc-
ity for a given configuration was due to the increase in inlet ram drag and base drag
with forward speed and to any reduction of the amount of exhaust flow being reingested.
For the reduced emission configurations, the reverser efficiency at a forward velocity
increased slightly as the fan rotational speed was reduced due to the relative increase
of the ram and base drags.

The highest thrust reverser efficiency observed in the present test series was 0.95
and occurred at the condition (Y = OO, N = 32 000 rpm, and V0 = 33 m/sec) for a con-
figuration with a total emission angle of 160. 8° divided into two sectors oriented 180°
apart.

Effect of Yaw Angle on Efficiency

Figure 6 shows the effect of yaw angle on thrust reverser efficiency at a constant
free-stream velocity for two fan rotational speeds. For the configurations with high




efficiency which implies little or no recirculation, the efficiency decreased with in-
creasing yaw angle. This is attributable to the decrease in the component of the inlet
momentum along the fan axis and any decrease of inlet performance with increasing yaw
angle. For the configurations with the lower efficiency and large recirculation, flow
angle has little effect on the efficiency.

An additional indication of the effect of recirculation of the exhaust flow is shown
in figure 7. Wind tunnel tests were performed with two orientations of the last reverser
configuration. The model thus far described was oriented so that the exhaust flow was
emitted above and below the plane in which the yaw angle occurred. In the second orien~
tation, the model was rotated 90° about the fan axis so that the exhaust flow was emitted
in the plane of the yaw angle. The data were normalized to the reverser efficiency at
Y = 0° because of small differences in the zero yaw angle conditions. As the yaw angle
was increased, the reverser efficiency of the original orientation, with exhaust in a
plane normal to the yaw angle plane, was essentially constant while the reverser effi-

ciency of the rotated orientation was reduced by more than 15 percent at a yaw angle of
45°.

Fan Exit Static Pressures

Figure 8 presents the azimuthal variation of the internal static pressure between
the stator exit plane and the reverser section. In all cases, the static pressure is
normalized by the free-stream static pressure. For a uniform fully circumferential
exhaust discharge, no circumferential variation in the static pressure was expected.
The small variations in static pressure for the configuration which has a 321. 6° emis-
sion angle show the effect of the axial support rails at 6 = 0° and 180°. For the con-
figuration with approximately 95° blockage at the bottom of the model, there was a large
rise in static pressure in the vicinity of the blockage. For the next configuration with
180° of blockage, both the extent and magnitude of the static pressure rise increased.
Breaking the same circumferential blockage into two sectors significantly reduced the
static pressure variation. The data of figure 8 also show that the internal static pres-
sure variation is essentially uneffected by the free-stream flow velocity (fig. 8(a)), the
flow angle (fig. 8(b)), or fan rotational speed (fig. 8(c)). In general, the internal static
pressure distribution was determined only by the thrust reverser geometry.

SUMMARY OF RESULTS

The experimental investigation of the performance of a fan-cascade thrust reverser
system was conducted on a model which generated various reversed jet emission pat-
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terns. The main results of this investigation may be summarized as follows:

1. Thrust reverser efficiencies as high as 0.95 were attained at typical STOL land-
ing velocities. The maximum value occurred at free-stream velocity vV, = 33 meters
per second for a configuration with a total emission angle of 160. 8° divided into two
sectors oriented 180° apart.

2. The thrust reverser efficiency was significantly reduced whenever recirculation
of fan exhaust flow occurred. A 43 percent loss of reversed thrust occurred when the
exhaust flow of the full emission reverser recirculated.

3. The thrust reverser efficiency was improved and recirculation reduced by reduc-
ing the jet total azimuthal emission angle.

4. The reverser efficiency of configurations with emission from the sides of the
nacelle was adversely affected by yawing the nacelle at forward velocity.

5. For configurations with partial circumferential emission, there was a significant
increase in the internal static pressure in the vicinity of the blocked areas. A maximum
value of the stator exit static pressure ratio of 1.18 occurred at a fan rotational speed
of 36 000 rpm for a configuration with a total emission angle of 160. 8°.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, October 4, 1972,
501-24.
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TABLE I. - CONFIGURATIONS TESTED AND STATIC THRUST REVERSER EFFICIENCIES

Exit configuration Configuration schematic Total | Normalized |Static thrust reverser efficiency
identification emission| blocker (N = 36 000 rpm)
Side view Rear view angle, door — : ‘
deg position, With barrier®| Without barrier
b/d
| ——

Standard exit ; @ ----- ——-- - ———-

=] b |- {

-~

Full emission | ™~ 321.6 0.37 0.74 0. 42
reverser d -

' F\

) - : N,/ 50
Partial emission ~ - 241.2 0. 0.69 0.58
reverser j
-
Partial emission . ~ - 160. 8 0.75 -— 0.54
reverser :
\
Partial emission { 160.8 0.175 0.65 0.60
reverser
/N

9Based on data reported in ref. 8.
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Figure 6. - Variation of thrust reverser efficiency with yaw angle for several configurations. Free-stream velocity, 16 meters per second.
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